In aerospace and many types of civil infrastructure applications, the use of adhesive-bonded composite joints have been constantly increasing. In this study, fracture behaviour of adhesively bonded single lap joint (SLJ) with pre-existing damage at the interface of free edge of the top adherend and adhesive along the width of the joint is studied by strain energy release rate (SERR) approach using virtual crack closure technique (VCCT). Adherends are four layered laminated fiber reinforced plastic ( Key words: Delamination length, strain energy release rate (SERR), virtual crack closure technique (VCCT), suffix s and as, fiber angle.
INTRODUCTION
In aircraft and many types of civil infrastructure applications, the use of adhesive-bonded composite joints has been steadily increasing. If two laminates are joined with an adhesive bond, the adhesive strength bond is evaluated in terms of the energy release rate of an interfacial crack and the fracture toughness of the interface. Finite crack-extension energy release rates are used to characterize the fracture. Cohesive zone models (Jialai, 2006 (Jialai, , 2007 Yuval and Leslie 2008) provide an effective way to analyze/simulate bimaterial interface debonding. A continuum based model for onset *Corresponding author. E-mail: vbkmpublications@yahoo.com. and the evolution of intralaminar failure mechanisms under plane stress by and its computational implementation ensures that the computed energy dissipation is independent of the discretization. Ever and Daniel, (2009) mechanistic model predicts the transverse damage initiation, evolution and stiffness reduction in laminated composites due to the transverse matrix cracking for laminae with arbitrary orientation, subject to in-plane stress, embedded in laminates with symmetric, but otherwise arbitrary laminate stacking sequence.
The fracture behaviour of adhesively bonded single lap joint (SLJ) problem can be carried out using a finite element method (FEM) (Crocombe and Adams, 1981; Harris and Adams (1984) to provide accurate and better results. Finite element investigations of adhesively bonded composite joints, includes Kairouz and Matthews (1993) , Tsai et al. (1998) , Tong (1998) , Tong and Steven (1999) , Li et al. (2001) , Krueger (2002) and others. Laminated fiber reinforced plastic (FRP) composites adherends are subjected to various types of failures, namely, interlaminar failure (Adams, 1989: Kairouz and Mathews, 1993; Tong, 1998) delaminations, etc., besides the conventional failures like cohesive failure and adhesive failures (1999) . Fracture mechanics parameters, such as strain energy release rate (SERR), J-integral and stress-intensity factor (SIF) can be used to characterize the propagation of failures or damages. Raju et al. (1996) emphasized on SERR for the problem with skin stiffener debonding. The importance of SERR in characterizing the delamination damages and its growth including the modeling aspects using multi point constraint (MPC) elements are discussed in detail by Pradhan and Chakraborty, 2000; Pradhan and Panda, 2006) and Panigrahi and Pradhan (2007) . This paper presents the study of results for adhesively bonded SLJ having failure at the interface of free edge of the loaded adherend and adhesive along the width of the joint using FEM. Brick elements are used to mesh the laminas of adherends and the adhesive. The effects of free rotation of the joint overlap and adherend have been taken into consideration and the secondary bending moment has been neglected.
MATERIALS AND METHODS
Adhesively bonded single lap joints with laminated FRP composite adherends having ply orientation, either +45 or -45° are considered for study. Bottom and top adherends of SLJs analysed are listed in Table 2 . Adhesive failure is introduced at the interface of free edge of the loaded adherend and adhesive along the width of joint. The geometry, loading and boundary conditions of the SLJ test specimen having adhesive failure are as shown in Figure 1 Panigrahi and Pradhan (2007) . The material properties along with their strength values for adhesive and adherends Panigrahi and Pradhan (2007) are given in Table 1 . A three-dimensional finite element analysis is performed to calculate the SEER distributions along the delamination front. Layered solid 45 elements of ANSYS finite element (FE) package are used for both the adhesive and the adherends. Inorder to take care of high stress gradients at the free edges of the joint over the overlap portion of the joint, a very fine mesh is adopted. The element sizes in the overlap region are 0.25 × 0.25 × 0.125 mm for the adherend and 0.25 × 0.25 × 0.05 mm for the adhesive layer. By simulating an embedded adhesive failure as shown in Figure 1 , the SERR which is the driving force responsible for the propagation of adhesive failure is calculated, using the virtual crack closure technique (VCCT). Multi point constraint (MPC) elements are used along the damage front to extract the nodal forces which are responsible to close the damage.
In the present study, the adhesive failure is considered as delamination damage existing at the interface of the adhesive layer and loaded adherend. Nodes at the top surface and the bottom surface of the delaminated area have identical coordinates. The delaminated area is represented by two row of nodes coupled through the multipoint constraint elements (MPC 184). The undamaged section of the joint is modeled using single nodes. As shown in Figure 2 VCCT for 3D damage study in SLJ with eight nodded solid elements (Panigrahi and Pradhan, 2007) .
Δ is the area virtually closed. c Δ is the length at the delamination front and b is the width of the elements. Contribution factor denotes the strain energy contribution of a particular mode in total strain energy release rate. Contribution factor ranges between 0 and 1. The sum of contribution factors of three modes must be equal to 1. Mode having high contribution factor is the dominating mode of failure. All forces and displacements are obtained from the finite element analysis with respect to the global coordinate system. Previous investigations have shown that care must be taken in interpreting the values for I G , II G and III G obtained from the Equations 1 to 3 for interfacial damage between the bi-material interface Sun et al., (1987 Sun et al., ( , 1989 In the present study, fracture analysis of adhesively bonded SLJ having failure at the interface of free edge of the loaded adherend and adhesive along the width of the joint is carried out by changing adherends of SLJ. Adherends are four layered laminated FRP composite plates and each lamina of adherend is having either +45 or -45° fiber angle.
RESULTS AND DISCUSSION
SLJ is formed by bonding two FRP composite laminates with a layer of epoxy along the length and width as shown in Figure 1 . One end of bottom adherend is fixed and the other end is bonded to top adherend by a layer of epoxy. When free end of top adherend is pulled to a distance of 0.01 mm as shown in Figure 1 , then the SLJ is subjected to eccentric loading. An adhesive failure of length 'c' equals to 1 mm is introduced at the interface of free edge of the loaded adherend and adhesive along the width of joint. Assuming finite crack extension of ∆c of 0.5 mm along the width of joint, SERRs are calculated using VCCT technique. Mismatch of Poisson's ratio and coupling between shear, extension and bending due to stacking of layers having different fiber orientation angles within the adherend and at the interface of adherend and adhesive and eccentric loading results in non-uniform distribution of local displacement fields or crack opening displacements (COD) along the delaminated length and width. Reaction forces required to close the crack in the region ∆c along the width of joint vary with local displacement fields or COD and the extension, flexural and coupling stiffnesses of adherends and adhesive. By knowing local displacement vectors and reaction forces required for closing the crack in the region of ∆c on the delaminated surfaces of adherend and adhesive, SEERs and contribution factors are estimated using Equations 1 to 5.
As local displacement fields and reaction forces required to close them vary along the delamination front, SERRs also vary along the delamination front. In order to know, the damage propagation behavior distribution of total strain energy release rate (G) along the delaminating front is essential. G distributions along the delamination front represent the crack propagation envelopes. Figure 3 illustrates distribution of total SERR (G) along the crack front. From the graphs as shown in Figure 3 , it is observed that G value is maximum at one of the boundaries and minimum at other boundary in SLJ-1 and SLJ-2, maximum in the central portion and minimum near the boundaries in SLJ-3 and SLJ-4 and maximum at one of the boundaries and become zero in the central portion of delamination front for SLJ-5 and SLJ-6. G variations are very high in the vicinity of boundaries due to free edge effects in all SLJs considered for analysis.
G distributions on delamination front for SLJ-1 and SLJ-2 are mirror image to each other indicating that the net effect on the joint is same. Similar trend is observed in the joints SLJ-3 and SLJ-4 and also in SLJ-5 and SLJ-6. SERRs are high in SLJ-1 and SLJ-2 when compared with other SLJs. Crack propagation initiates at one of the boundaries of damage front for SLJ-1, SLJ-2, SLJ-5 and SLJ-6 and at the central portion of delaminating front in case of SLJ-3 and SLJ-4, because of maximum G. Graphs in Figures 4 to 6, illustrate Change in dominating mode along the delamination front is due to extension, shear and bending responses of the joint due to eccentric loading. Even though mode II is the dominating mode in major portion of delamination front in SLJ-1 and SLJ-2, the crack propagation first initiates at one of the boundaries, because of maximum G, where nearly 80% of the total energy released is from mode III which is responsible for damage propagation. Similarly, in SLJ-5 and SLJ-6, mode III is the dominating mode in major portion of delamination front, but crack propagation first initiates at one of the boundaries because of maximum G, where nearly 60% of the total energy released is from mode II which is the dominating mode causing damage propagation.
Mode II is the dominating mode in major portion of delamination front in SLJ-3 and SLJ-4 and crack propagation first initiates in the central portion of delamination front because of maximum G, where nearly 57% of the total energy released is from mode II.
This method of finding SERR along the delamination front using ANSYS is validated with the results available in the literature Panigrahi and Pradhan (2007) for the SLJ having (0/90) s laminated adherends. 
Conclusions

